We present a general procedure for accurate nonperturbative treatment of the angular distribution and partial widths for multiphoton above-threshold detachment (ATD) of atoms or negative ions in intense laser fields. The procedure consists of the following two steps: (1) The resonance wave function is determined by means of the non-Hermitian Floquet Hamiltonian method. The Floquet Hamiltonian is discretized by the complex scaling generalized pseudospectral method recently developed by Yao and Chu [Chem. Phys. Lett. 204, 381 (1993)]. No computation of potential matrix elements is required, and the kinetic-energy matrix elements can be evaluated analytically. (2) The angular distribution and partial rates are calculated, based on an exact difFerential expression, and a procedure is developed for the backrotation of the total complex resonance wave function to the real axis. The method is applied to the study of multiphoton ATD of H in strong fields at 10.6 pm. An accurate one-electron model potential [Laughlin and Chu, Phys. Rev. A 48, 4654 (1993)],which reproduces the known H binding energy and the low-energy e-H(1s) elastic scattering phase shifts, is employed. At this low frequency, the resonance wave functions can be obtained eSciently and rather accurately by means of a nonperturbative adiabatic approach recently developed by Telnov [J.Phys. B 24, 2967[J.Phys. B 24, (1991]. This adiabatic theory is also valid in the limit of weak fields, and its validation is justified by its agreement with the exact perturbation calculations for the seven-and eight-photon detachment of H . Detailed results for the angular distribution and partial widths for multiphoton ATD of H are presented for the moderately strong laser intensity regime (10' -10"W/cm~) at 10.6 pm.
I. INTRODUCTION Recently there has been considerable interest both experimentally [1 -3) and theoretically [4 -6] in the study of multiphoton detachment of H . The H ion is one of the simplest yet delicate three-body systems and possesses only one bound state. For moderate laser intensities used in recent experiments (10 -10" W/cm~), structure far above the ionization threshold can be safely ignored. This simplifying feature renders the multiphoton detachment of H a unique and fundamental process to study.
In this paper we present the first theoretical study on the angular distribution and partial widths for multiphoton above-threshold detachment (ATD) of H The H ion is described by an accurate one-electron model recently constructed [5] to reproduce both the exact experimental binding energy [7] and the low-energy e-H( ls) elastic phase shifts [8] . The one-photon photodetachment cross sections based on this model potential are in excellent agreement with earlier accurate correlated two-electron calculations [9] . The [5] . More recently the H model potential has been used to study the intensity-dependent multiphoton detachment rates in nonperturbative regimes [6] . A complex-scaling generalized pseudospectral (CSGP} technique [6, 10] is introduced to discretize and facilitate the solution of the time-independent nonHermitian Floquet Hamiltonian [11, 12] for the complex quasienergies.
A simulation of the intensity-averaged multiphoton detachment rates is achieved by considering the experimental conditions of the laser and H beams. The results [6] (without any free parameters) are in good agreement with the experimental data [3] , both in the absolute magnitude and in the threshold behavior.
The motivations and outline of this paper are described as follows. (i) First, we extend our recent nonperturbative study of the total multiphoton detachment rates of H [6] to the detailed study of angular distribution and partial widths associated with the ATD processes. Experimental study of ATD processes is being planned [13] . [14] . We examine the validity of the adiabatic theory in both weak and nonperturbative regimes by comparing the adiabatic results with exact perturbation [5] and Floquet calculations [6] , respectively. We then apply the adiabatic theory to obtain the detailed angular distribution and partial widths for multiphoton ATD of H at three moderate strong laser intensities:
10', 5 X 10', and 10" W/cm .
We begin in Sec. II the presentation of the general theory for electron distributions, the adiabatic wave functions, and a new procedure for obtaining the angular distributions and partial widths. Section III presents the main numerical results for ATD of H at 10.6 pm. This is followed by a conclusion in Sec. IV.
E~E (F~O) .
The periodically time-dependent wave function f(r, t)
can be expanded in a Fourier series: g(r, t) = g 1t (r) exp( imcot-) . (4) where %(r, t) is the quasienergy wave function in the length gauge; W(r) is the accurate one-electron H model potential (see [5, 6] [14] We make use of the Floquet solution %(r, t) of the time-dependent Schrodinger equation (atomic units will be used throughout the paper): sin8 d8 (5) i -%(r, t)=[ --, 'V + W(r)+F r cosset]%'(r, t), where the n-photon detachment amplitude A" is defined as follows:
X f d r'exp i sins ik"(r r') W(-r')P(r', rico) .
. (F r') N (6) This expression is extracted from the exact integral equation for the decay wave function f(r, t), the latter equation being obtained with the help of the Green function for the motion in the uniform ac field (see [14] dI "
I "= f d8 = k"J d8sinB~A"~ (10) B. Adiabatic ansatz for the wave function
The total width I is the sum of I " for those n corre-
sponding to the open channels:
where X 1( (r'), (12) A"' '(r'}= J d~exp[ig "(~, r')], (13) n =nmin
Certainly, the correct results for the electron distributions are given by Eqs. (5) and (10) (r)=C [4(E,y, r)+( -1) 4(E, y, -r)], (17) where y =y(E ), E =a+ mco, and the functions y(E) and 4(E,y(E), r) are found by solving the time-
=E@(E, y(E), r) . (18) In Eq. (18) 
A"' '(r')= g i~c F"(F(2'),Fco k"cos8) (r, cos8)= g /21+1$, (r)P, ( cost) .
I+, I=&i i+(1+1)[(21+1)(21+3)] ' y Fr .
As our calculations show, for laser intensities 10' -10" Vi'/cm (of current experimental interests [3] ) one has to retain no more than ten angular momenta in the sum (23) to achieve convergence. [5] .
Unlike the Keldysh-Faisal-Reiss theories [16] [3] . As one can see, the perturbation theory [18] and adiabatic theory differ by no more than 2%:
cr' '=3. 571X10 cm' s (perturbation theory), (28) tr'7'=3. 639X10 z cm'4s (adiabatic theory) .
case of three-photon dominant electron detachment. The accurate total widths in this case are available in Ref. [6] .
The results are shown in Table I Tang et al. [3] .
Even at the lowest intensity I=10' W/cm considered here the detachment regime is already nonperturbative since the minimum number of photons required for the detachment is equal to 8, whereas the process is seven photon for the weak fields. Due to the shift of the detachment threshold in intense fields, the seven-photon channel is already closed and one peak in the electron energy spectrum switched off. For the intensities 5 X 10' and 10" W/cm, we find n;"=11and n;"=16,respectively.
The energy spectra of the detached electrons are presented in Figs. 2-4 for the intensities 10', 5X10', and 10" W/cm, respectively. For the lowest intensity I = 10' W/cm considered here (Fig. 2) , the energy spectrum shows quite rapid decrease of the partial rates as the number of photons absorbed increases. The first peak in the spectrum (n =n;"=8)is the highest, and only five to six peaks contribute significantly to the total rate. The medium strong I =5 X 10' W/cm case (Fig. 3) is a clear demonstration of the peak switching phenomenon. The first peak in the spectrum (n =n;"=11)is very close to the threshold, and its intensity is already less than that of the second one. The nonperturbative behavior of the spectrum is also pronounced in the plateau near n =14-16 where the peaks have comparable heights.
The strong-field detachment features are the most distinct for I =10" W/cm (Fig. 4) According to the adiabatic theory [14] the part of the energy spectrum with the smooth dependence on the number of absorbed photons has the scale 2U .
The numerical data for the partial rates is presented in 
The detailed theory of tunneling detachment and ion- n;"=16. (5) and (6) and presented in Fig. 7 shows an excellent agreement with respect to the minima and maxima positions [note that the expression (33) preserves the zeros of the angular distributions at 8=90' for odd n, which follows from the exact equation (6) quasienergy eigenfunctions for H negative ions driven by intense monochromatic laser fields. We perform a detailed study on the angular distribution and partial rates for multiphoton above-threshold detachment of H in moderate laser intensities (10' -10" W/cm ).
Unlike the partial rates, the angular distributions are quite sensitive to the spatial intensity variations inside the laser focus. That is why the pure angular distributions without the spatial disturbances can be observed for rather short laser pulses. In this case the processes that turn on and turn off the laser field should be taken into account. However, we can expect that for such a system as H these effects are minimized since they are the most important for quasiresonance processes, and H possesses only one bound state. Work is in progress for the detailed study of the effect of laser pulses.
